This paper simulates regular waves propagating over a submerged parabolic obstacle in the presence of a uniform/shear current using a two-dimensional numerical model, named COBRAS (Cornell Breaking and Structure). The numerical model solves the Reynolds-Averaged Navier-Stokes (RANS) equations and the free surface deformation is tracked using the volume of fluid method (VOF). The capability of the numerical model to simulate regular waves with a uniform or shear current over a constant water depth is first validated with available analytical solutions and experimental data. Comparisons among the experimental data, analytical solutions, and present numerical results show good agreements. Then, regular waves propagating over a submerged parabolic obstacle with a following current are investigated. Detailed discussions including those on the velocity and vorticity fields and the relation between free surface and vorticity are given.
Introduction
Waves and currents often coexist in marine environments. The propagation of waves over a current field is an important topic for coastal, oceanic engineering practitioners and researchers. For traditional problems of coastal and oceanic engineering, it is more near real hydrodynamic problems with the consideration of current effect. Examples include safety of oil platform and design of breakwater. The interactions between waves and currents are very complicated hydrodynamic phenomena that include many uncertain factors, such as wave type, current profile, and the direction between waves and currents. For instance, under wave interaction with a following uniform current, the wave length is lengthened, and the wave height is decreased. In contrast, for an opposing uniform current, the wave length is shortened, and the wave height increases.
Previous studies on wave-current interaction have mainly focused on the geometry of a flat bed. Specifically, Tsao [1] obtained a third-order solution based on the Stokes-type perturbation expansion method for weakly nonlinear waves on a linear shear current. Brevik [2] and Thomas [3, 4] measured the horizontal velocity distribution and surface elevation in wave-current environment. Chen et al. [5] obtained a third-order trajectory solution for water particles in a two-dimensional (2D) wave-current interaction flow under a Lagrangian framework. They conducted an experiment on regular waves with a uniform current to verify the correctness of the solution. Thomas and Klopman [6] proposed a method to classify the strength of wave-current interaction. They used two dimensionless parameters, namely, wave steepness ( = ) and the ratio of fluid speed to celerity ( = / ), to classify strength as weak ( ≅ ( )), moderate ( ≪ ≪ 1), or strong ( ≪ 1 and ≅ (1)).
The effectiveness of various types of submerged coastal structures and their influences on neighboring surroundings and hydrodynamic phenomena are always an interesting issue. However, to study our understanding of the complicated dynamics associated with wave-structure interaction, it is necessary to simplify the geometry of coastal structure. For instance, a submerged rectangular box has been considered as a simplified model for a submerged breakwater. In fact, many research papers have been published on this specific subject (e.g., [7] [8] [9] [10] ).
Zaman et al. [11] , Zaman and Togashi [12] , and Zaman and Hiraishi [13] theoretically and experimentally studied the free surface evolution and other nonlinear characteristics in a wave-current field over various bottom configurations. Zaman and Togashi [14] reported experimental results on the interaction of regular waves with following and opposing uniform currents over a submerged parabolic obstacle. Zaman et al. [15] stressed the fact that ignoring the separated flow zone will lead to underestimation of the wave height on the lee side. The present study investigates regular waves with a following uniform/shear current over a submerged parabolic obstacle ( Table 2 ). The characteristics of velocity and vorticity fields are discussed, and the relation between free surface and vorticity is given.
Numerical Model
The COBRAS (Cornell Breaking and Structure) model used here is a 2D numerical model that solves the 2D ReynoldsAveraged Navier-Stokes (RANS) equations for the mean (ensemble-averaged) flow field. The COBRAS model has been widely applied to coastal problem (e.g., [16] [17] [18] [19] [20] [21] ). For more detailed information on the numerical model, please refer to the study of Lin and Liu [16] .
The analytical solution of second-order nonlinear waves interacting with current was derived by Tsao [1] . The corresponding free surface elevation, velocity components, and modified dispersion relation are
where is the wave amplitude, is gravity, is the wave number, is the angular frequency, ℎ is the water depth, fs is the current velocity at the free surface, and Ω is constant vorticity.
The reflection of waves from the downstream boundary is common. To prevent it from affecting the accuracy of the numerical results, the radiation boundary condition is applied to the downstream boundary. The equations of the open boundary condition are
where represents the physical variable associated with waves (e.g., the mean velocities, mean free surface displacement, etc.) and 0 is the celerity at the open boundary, which is approximated by (10) for a shallow water wave, and whose value is constant under a fixed water depth. A no-slip condition is used at the solid boundaries (i.e., bottom and obstacle), and a zero-stress condition is applied to the mean free surface for neglecting the air-flow effect.
To avoid unwanted numerical oscillations at the inflow boundary when generating a wave-current system simultaneously, a ramp function is used to eliminate such a potential instability. The ramp function used here, suggested by Wu et al. [22] , is a hyperbolic tangent function (see Figure 1 ). The dependent variable changes with the independent variable gradually in the early stage, reaching the desired value after about four wave periods. In the numerical simulation, (1)- (3) are multiplied by the ramp function, which is
where and are the time and the wave period, respectively.
Numerical Validation
In order to validate the capability of the model to model wavecurrent interaction, the model results were compared to those reported by Chen et al. [5] for a uniform current with regular waves over a constant water depth under various wave and current conditions. Then, an analytical solution [1] is used to validate the case of a shear current with regular waves.
Regular Wave with Uniform Current.
The wave and current conditions of Chen et al. [5] are listed in Table 1 
Results and Discussion
The previous section showed that the proposed model is capable of modeling wave-current interaction. In this section, periodic waves over a parabolic obstacle with a weak/moderate uniform/shear current are simulated. For the geometric setup, please refer to Zaman and Togashi [14] .
Mathematical Problems in Engineering Figure 5 shows a schematic diagram of the numerical wave tank, which is 26 m long and up to 0.7 m deep. The maximum width and height of the parabolic obstacle are 1.5 m and 0.3 m, respectively, with the center at = 13 m. The mesh sizes used in this study are listed in Table 3 . The total simulation time is 70 s. Only the data after 40 s were analyzed because the wave flume was initially unstable. In all cases, the still water depth is ℎ = 0.6 m, and the wave height and wave period of regular waves are 0.06 m and 1.159 s, respectively. The weak uniform current velocity is = 0.081 m/s, and the weak shear current is = 0.24 + 0.4 m/s; the moderate uniform current velocity is = 0.297 m/s, and the moderate shear current is = 0.54 + 0.9 m/s. The time / = 0 was set when the wave crest had just passed the center of the parabolic obstacle. The velocity field, vorticity field, and the relation between the free surface and vorticity were determined. The velocity fields are shown in Figure 6 . Regular waves with a following current have an increased wave height and a decreased wave length. On the weather side, the velocity field is stable and the velocity distribution is different for uniform and shear currents. The fluid particle velocity in the horizontal direction and the free surface displacement are in phase for regular waves. In contrast, the direction of fluid velocity is always towards the downstream for a following current. Because the horizontal velocity is uniform from the bottom to the free surface for a uniform current and increases linearly from the bottom to the free surface for a shear current, the velocity distribution separates into two layers (i.e., strong and weak regions) in the propagation direction for a uniform current and in the water depth direction for a shear current.
In Figure 6 (a), which is the case of regular waves over a submerged parabolic obstacle without any current, the flow field is almost undisturbed. In contrast, the flow field with a current is complicated. In particular, regular waves with a moderate uniform current are the most chaotic (Figure 6(d) ). The fluid velocity increases due to the area of flow being decreased by the submerged parabolic obstacle. Because the wave celerity ( = 1.73 m/s) is faster than the current, the increased fluid particles are decreased when they are under the phase of wave trough at the lee side.
The flow over the submerged parabolic obstacle generates vortices from the top of the obstacle or from the sea bottom. No vortex is formed at the lee side of the obstacle as the wave train over the obstacle, as shown in Figure 7(a) . In the presence of current, the clockwise vortices originate from the top of the obstacle; the counterclockwise vortices form near the right edge of the obstacle and grow stronger with time (see Figures 7(b)-7(e) ). Interestingly, the vortex evolution is like the vortex shedding behind the obstacle. Based on Price et al. [23] and Li et al. [24] , the vortex structure only formed from one side can be called the upper shear-layer shedding.
In the presence of a moderate uniform current, if the clockwise vortex is larger than the counterclockwise vortex, the latter will be dropped by the former from the bottom to the free surface, as shown in Figure 7(d) . Furthermore, two clockwise vortices mix and form a larger vortex only near the obstacle at the lee side. In the presence of a shear current, the counterclockwise vortex will not be dropped to the free surface since the clockwise vortex is not large enough due to the presence of vorticity in the flow field, as shown in Figures  7(c) and 7(e) . The presence of vorticity in the shear current reduces the scale of the vortices. Therefore, the scale of vortices in a uniform current is larger than that in a shear current. Figures 8 and 9 show the evolution of vortices with uniform and shear currents, respectively. The vortex evolution is faster and the vortices are larger and stronger when the strength of the current is increased. In Figure 8 , the clockwise vortex takes the counterclockwise vortex from the bottom to the free surface, causing free surface disturbance. Interestingly, if the structure of counterclockwise vortex is still complete, it will induce a clockwise vortex from the sea bed. In contrast, the counterclockwise vortices are not taken to the free surface for a shear current since the clockwise vortices are small, as shown in Figure 9 . At the lee side, the fluid velocity has a nearly linear distribution for a shear current. Therefore, two clockwise vortices at different elevations move at different speeds. Hence, the clockwise vortices will interact and combine, and their strength will decrease due to their interaction. In contrast, the clockwise vortices do not interact in the presence of a uniform current except near the obstacle.
The relation between free surface elevation and vorticity strength at the lee side ( = 16 m) is shown in Figure 10 . The vorticity is normalized by the maximum vorticity at the lee side ( = 16 m) for a moderate uniform current. According to Lin and Li [25] , the free surface will be sucked down due to the low pressure at the core of vortices. Therefore, the vorticity strength underneath can be estimated by measuring the free surface elevation. The free surface decreases with increasing vorticity strength for a moderate current. In contrast, the free surface elevation is almost independent of vorticity for a weak current. It seems that there exists a threshold value of vorticity above which it affects the free surface elevation.
Conclusions
The hydrodynamics of regular waves propagating over a submerged parabolic obstacle with the weak/moderate uniform/shear current were investigated. A wave-current function was successfully added to the COBRAS model. The agreement between experimental data, analytical solutions, and the numerical results for wave-current interaction over a flat sea bed is reasonable and consistent with kinematic phenomena [1, 5] . From the vorticity field of wave-current propagating a submerged parabolic obstacle, it is found that the presence of vorticity in the flow field (shear current case) leads to a decrease in vortex size. The interaction of clockwise vortices is not occurring in the presence of a uniform current except near the obstacle but occurring in the presence of shear current. Counterclockwise vortices are trapped near the sea bed in the case with a shear current. In contrast, a counterclockwise vortex is dropped to the free surface in the case with a moderate uniform current. Besides, if the structure of counterclockwise vortex is still complete, it will induce a clockwise vortex from the sea bed. For both moderate uniform and shear currents with regular waves over a submerged parabolic obstacle, the free surface decreases with the increasing of vorticity strength.
